An important obstacle to drug development for pulmonary arterial hypertension (PAH), as is the case with orphan diseases in general, is the ability to recruit a large enough sample of patients to draw inferences about a new drug\'s efficacy and safety. For most accepted intermediate or ultimate end-points, the sample size required to detect effects of clinical relevance is likely to be large relative to the available population. While there is no internationally accepted definition of an orphan, or rare, disease, the definitions in the EU, US and Japan span estimated prevalence of between four and seven cases per 10,000 individuals. These figures indicate that sample size will always be a critical issue.

A second issue is the mode of action of the new generation of therapies for PAH. If they are capable of effecting structural change, then existing clinical trial designs may not be appropriate, or adequate, to detect such changes. Many study designs that have been used are appropriate for short-term alleviation of symptoms, but may be inappropriate for long-term outcomes, particularly when the effect of a drug diminishes over time. And thirdly, proving efficacy of new therapies added to background therapy is a challenge as it is hard to standardize background therapies or even stratify by background therapy.

Maintenance of a randomized treatment allocation is important to make inferences on comparisons of treatment differences. If the randomized dose allocation cannot be guaranteed during the conduct of the randomized part of a trial, inferences from the trial can become questionable, that is, treatment changes during the randomized phase are likely confounding interpretation. In short-term trials (\< 16 weeks), a randomization to placebo or another active treatment can be maintained, but the longer a trial runs, the greater the difficulty in maintaining the randomized treatments because of disease progression or because other confounding factors are changed (changes to standard of care, or investigators' judgments on treatment benefit). To assess disease progression, or the impact a potential treatment has on outcome over a longer period of time, for example, above one year, alternative treatments or therapies (hospitalization, lung transplantation, IV/SC epoprostenol) are often introduced which might affect the observation of the end-point. If mortality is the ultimate end point, it is likely that alternative treatments are introduced to varying degrees earlier or later in the trial, which can blur the causal relationships on treatment outcome and may render the interpretation difficult. The argument can be made that the introduction of additional or alternative treatments reflects everyday practice in treating real patients and increases the external validity of trials,\[[@ref1]\] and the issues here reflect the distinction between explanatory and pragmatic trials.\[[@ref2]\] The question of study design is pertinent to each of these issues and modern developments in clinical trial design should be considered alongside traditional designs.

RECENT REVIEWS OF CLINICAL TRIAL DESIGNS FOR PULMONARY ARTERIAL HYPERTENSION {#sec1-1}
============================================================================

There have been a number of reviews of appropriate clinical trial designs for PAH in the last few years.\[[@ref3]--[@ref6]\] These reviews have largely covered similar designs and issues including (a) the use of a placebo control with background therapy, (b) noninferiority and equivalence trials, (c) randomized withdrawal designs, and (d) designs for combination therapies.

Use of a placebo control in untreated patients {#sec2-1}
----------------------------------------------

Although the majority of approved therapies for PAH were tested in placebo-controlled studies in the absence of background therapy,\[[@ref6]\] there may be ethical issues around this approach going forward.\[[@ref7]\]

Noninferiority trials {#sec2-2}
---------------------

If placebo-controlled studies are ethically controversial, an alternative is to consider an active control and to utilize a noninferiority hypothesis in which the experimental therapy is compared to an active control instead of a superiority hypothesis comparing the experimental medicine to placebo (superiority comparing experimental therapy to a known therapy is a theoretic option but of questionable feasibility in the PAH population). What concerns researchers is that the sample size required may be larger than a placebo-controlled study and that the experimental conditions need to be "identical" to those that were in place when the comparator was licensed. This could be restrictive if there are developments in end-point technology since the efficacy of the comparator may not have been assessed on newer end-points. There are a number of other concerns surrounding noninferiority designs. First, patient heterogeneity increases the numbers required further. Second, it is easier to prove noninferiority against a drug with the same or very similar mechanism of action or ones with well-defined treatment effects and therefore it is a less desirable study design for a drug with a new mechanism of action (e.g., a drug which acts to improve right ventricular function compared with a pulmonary vasodilator). Third, for statisticians and regulators, the choice of the noninferiority margin is also of concern. Finally, there are concerns about assay sensitivity. Assay sensitivity is the ability of a trial to distinguish an effective treatment from a less effective or ineffective intervention. Without assay sensitivity, a trial is not internally valid and should not be used to compare the efficacy of two interventions because in such trials the lack of assay sensitivity may result in a conclusion that an ineffective intervention is noninferior leading to a false conclusion of efficacy.

Randomized withdrawal designs {#sec2-3}
-----------------------------

Experts in PAH have also raised ethical issues concerning randomized withdrawal designs from two perspectives. First, to withdraw an effective therapy from a patient and to switch him/her to placebo would expose them to the chance that they may deteriorate and violate the necessary provision of the "standard of care" for the trial to be ethical. Second, even if a patient who deteriorates is withdrawn and given active therapy, there is no guarantee that they will return to their prerandomization state.

Designs for combination therapies {#sec2-4}
---------------------------------

Factorial designs are in general underutilized in clinical research and would seem ideal for studying combination therapies. Given two drugs, A and B, factorial designs would comprise four groups:
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Such a design is statistically optimal in that it would allow the estimation of the effect of each drug separately and their interaction, either synergistic or antagonistic effects. However, the use of the double placebo may create ethical issues as outlined above. There is one published factorial trial in PAH which successfully used this approach in patients treated with background therapy.\[[@ref8]\]

If the double placebo is ethically unacceptable in a treatment-naïve population, two approaches may be possible. First, patients could be randomized to either A + B or B, where B is the current best standard of care, a randomized add-on design. Alternatively, a randomized withdrawal trial could be used in which patients who respond to A + B are randomized to either A + B or B, although this too may raise ethical concerns.

Randomized switch designs {#sec2-5}
-------------------------

An alternative to randomized withdrawal designs is the randomized switch design, in which one drug is withdrawn and another drug is substituted. The literature contains one example of this design in which patients were transitioned from IV epoprostenol to SC treprostinil or placebo over a period of up to 14 days.\[[@ref9]\] This study took measures to minimize ethical concerns about deterioration and nonetheless was able to establish a statistical difference between the randomized groups based on only 22 patients. Seven of eight patients (88%) withdrawn to placebo had clinical deterioration, while only one of 14 patients withdrawn to SC trepostinil deteriorated. It is perhaps relevant that this approach has not been repeated in more recent studies, which may have to do with a change in the ethical climate.

Adaptive designs {#sec2-6}
----------------

The term "adaptive design" refers to a clinical trial in which data collected during the course of the trial are used to change aspects of the trial design in such a way as to maintain the validity and integrity of the trial. The internal validity of a trial refers to the provision of correct statistical inference (e.g., appropriately adjusted P values and control of type I error) consistency between different stages of the trial and minimization of operational biases. The integrity of the trial refers to its ability to provide convincing evidence of an experimental drug\'s efficacy, or lack of it, to a wider medical community and the maintenance of confidentiality of data during the running of the trial.

There are a number of objections to the use of adaptive designs in general, not confined specifically to PAH.\[[@ref5]\] These objections are statistical, methodological and ethical. One problem in the context of PAH is that the studies are generally so small that by the time sufficient data is collected to guide design, the trial is almost completely recruited. That said, the difficulty in recruiting patients to some developments would make them ideal for an adaptive design. In the context of pharmaceutical drug development, any adaptive design will need to meet the standards laid down in the guidelines issued by the regulators.\[[@ref10][@ref11]\] The requirements of these guidelines address some of the issues which have been raised.\[[@ref5]\]

It is important to note that while some adaptive approaches allow almost total flexibility in changing many aspects of a trial during its course, in practice the defining philosophy of adaptive designs in the pharmaceutical industry is that they are adaptive by design. That is to say, those aspects of the trial that are open to adaptation should be prespecified in the study protocol and the consequences of these changes should be investigated through a comprehensive set of simulations prior to the commencement of a study.

Review of trials for pulmonary arterial hypertension in clinicaltrials.gov {#sec2-7}
--------------------------------------------------------------------------

To find out what type of trial designs have been used over the last decade, a search was made in the database www.clinicaltrials.gov using the search terms "PAH," "Pulmonary Hypertension," and "Pulmonary Arterial Hypertension." Between 1993 and 2011, 201 studies were identified in the database. [Figure 1](#F1){ref-type="fig"} shows the start date of these studies, three-quarters of which began in 2001.

![Start of pulmonary arterial hypertension trials (ClinicalTrials.gov: Extracted January 2011).](PC-3-217-g002){#F1}

[Figure 2](#F2){ref-type="fig"} gives details of the characteristics of these studies. The studies were predominantly conducted in adults, in Phase III or Phase IV and were funded by industry. Approximately one-third of the trials were nonrandomized, a third of them were uncontrolled, approximately 40% were conducted as single-arm trials and over 50% were open label. Given the emphasis these days on the status of randomized, double-blind placebo-controlled trials, there is a surprising number of studies which are open-label, noncomparative and single arm.

![Study characteristics (ClinicalTrials.gov: Extracted January 2011). (A) Age, phase and funding. (B) Allocation, control and primary end-point. (C) Design, masking and primary purpose.](PC-3-217-g003){#F2}

RECOMMENDATIONS FOR EXPLORATORY PHASE OF DRUG DEVELOPMENT {#sec1-2}
=========================================================

Modeling and simulation for dose and dose regimen selection {#sec2-8}
-----------------------------------------------------------

The incorporation of modeling and simulation techniques in drug development can establish linkages between underlying assumptions of clinical benefit, clinical efficacy and safety outcome measures and pharmacokinetic/pharmacodynamic data, for example, biomarker activty and blood pressure. In model-based drug development, physiological/statistical models of drug efficacy and safety can be developed based on all the available preclinical and clinical data, combining it with knowledge of disease progression and patient characteristics. Pharmacokinetic/Pharmacodynamic (PK/PD) models allow simulation of clinical trial scenarios to identify efficient and effective dose/dose regimens for future studies. Moreover, descriptive PK/PD modeling approaches can be applied to evaluate evidence of efficacy across the studied doses. In general, modeling offers a quantitative approach to improve drug development knowledge management and supports development of decision-making processes.\[[@ref12][@ref13]\]

Bayesian modeling combined with use of external data to improve efficacy and safety signal detection in early development {#sec2-9}
-------------------------------------------------------------------------------------------------------------------------

As long ago as 1976, methods were introduced for combining historical control information with concurrent controls,\[[@ref14]\] and more recently, the advantages of this approach have been reiterated.\[[@ref15][@ref16]\] Clearly when patient numbers are scarce, the ability to utilize historical control information to reduce the number of patients randomized to the control is intuitively appealing. From a statistical perspective, care has to be taken to appropriately model such historical data taking account of study to study variation in control rates or control means. Hierarchical models, in particular Bayesian hierarchical models, may provide the appropriate framework for such modeling and the use of prior distributions about study to study variation is an essential element of this modeling. Examples of use of this approach are beginning to appear in the medical literature and its use for PAH should be considered.

Adaptive trial designs in early development {#sec2-10}
-------------------------------------------

The development of Bayesian approaches to the design and analysis of studies in the exploratory phase of drug development has accelerated over the last decade. These approaches have utility in both traditional Phase I studies as well as Phase IIb dose selection studies.

In Phase I, the continual reassessment method (CRM) was originally developed to determine the Maximum Tolerated Dose (MTD) in oncology studies,\[[@ref17]\] but has subsequently been proposed for determining the Minimum Effective Dose (MED) in non-oncological applications.\[[@ref18]\] A criticism of the original CRM was that it too rapidly reached high doses, thereby increasing the risk that patients would suffer from dose-limiting toxicities. Various solutions to this problem have been considered including escalation with overdose control\[[@ref19]\] and the probability interval approach.\[[@ref20]\]

In Phase IIb studies, a complex Bayesian approach to dose selection has been proposed.\[[@ref21]\] The concrete example for which the methodology was developed\[[@ref22]\] involved 15 doses of an experimental drug, but has also been used for cases with fewer doses.\[[@ref23]\]

The argument in favor of such adaptive dose-ranging trials is that they are more efficient than traditional approaches. There are a number of reasons for this. First, such studies are designed to explicitly address the goals of the individual trial through choice of appropriate decision criteria. Second, the approach to analysis in such designs recognizes that in the learning phase of drug development,\[[@ref24]\] it is more appropriate to estimate the dose--response function rather than to compare individual doses to placebo. Finally, the design reduces the chance of having to re-run a Phase IIb design by a poor choice of a few doses.

RECOMMENDATIONS FOR CONFIRMATORY PHASE OF DRUG DEVELOPMENT {#sec1-3}
==========================================================

Sample size re-estimation within a confirmatory trial (Phase III) {#sec2-11}
-----------------------------------------------------------------

The conundrum of sample sizing is that it is inherently based on an a priori "best guess." The ideal sample size estimate would require information which, if precisely known, would cast doubt on the need for the study. An erroneous sample size estimate may lead to a study which is too small and therefore underpowered, or too large, entailing increased expense and potentially unnecessary risks and burdens to more subjects than necessary. Therefore, estimating the optimal sample size is essential. It has been argued that the main benefit of an adaptive approach in drug development comes from its ability to stage the utilization of resources and (in essence) the risks and burdens to patients.\[[@ref25]\] Such trials begin with a relatively small sample size, with additional resources and subjects being utilized only if necessary or if the results are "promising."

Recent developments in group sequential designs {#sec2-12}
-----------------------------------------------

Although group sequential designs (GSDs) have been around for 35 years,\[[@ref26]\] their use has not been as widespread as might originally have been envisaged. The principal idea of GSDs is to allow sponsors to examine the accruing data in a trial on a number of occasions, interims, and to stop the trial if there is statistically significant evidence that the experimental drug is effective, or if there is no evidence of its efficacy -- so-called futility. The advantages are clear. In the former case, the decision as to the efficacy of an experimental drug may be made with reduced numbers of patients and expedite the dissemination of the information and potentially drug approval, while in the latter, if there is no evidence of the drug\'s efficacy on both resource and ethical grounds, it is beneficial to stop the trial. Stopping early for efficacy may raise issues of the amount of evidence of an experimental drug\'s safety. While this can be overcome by post-licensing studies and/or conditional approval processes, it is not easy to withdraw a drug once approved. The downside is the potential for increasing the false-positive rate by multiple looks at the data, but they were developed precisely to control the overall type-I error and there is an inevitable concentration on the primary end-point with a consequent loss of information on important secondary end-points.\[[@ref26][@ref27]\] One aspect of GSDs that has recently been investigated is the issue of long-term outcomes and loss of efficiency. If the primary end-point of a study is long term, say one year, then at interim analysis many patients may have been entered into the study and not yet have reached the one-year time point. Therefore, in assessing the significance of treatment effects and making decisions about whether the trial should stop or not, many patients who have been randomized will not contribute to the decision-making process, jeopardizing the ethical justification for their enrollment (the altruistic contribution to answering a scientific question).

A number of approaches have been proposed to overcome this issue. If early (continuous) measurements are available for each patient, then this early information can be used to increase the efficiency of decision making in GSDs.\[[@ref28]\] Similar proposals have been proposed for binary data.\[[@ref29][@ref30]\] In a complex Bayesian adaptive Phase IIb design, in a "longitudinal model," predictions of final outcomes are combined with real final outcomes in updating a Bayesian prior of the dose--response curve\[[@ref21]\] which is closely related to the previous approach.\[[@ref28]\] More recently, a class of GSDs has been developed which takes account of what are called "pipeline patients" and, by doing so, reduces the risk that a decision to stop based on only observed data may be "overturned" when the complete data is available on all patients.\[[@ref31]\]

Adaptive trials in a confirmatory setting {#sec2-13}
-----------------------------------------

Methodology has been developed which allows for extreme flexibility in running adaptive trials, even in a confirmatory setting.\[[@ref32]\] The methodology can accommodate changes to end-point and sample size, dropping of arms, changing of test statistics, modifications to the population, treatment duration, patient population, number of treatments, number of interim analyses, hypotheses and the combination of multiple study objectives in a single trial.

Seamless Phase II/III designs are perhaps the most notable examples of adaptive designs in a confirmatory setting. They are considered to be "one of the main types of adaptive approaches used currently in confirmatory settings" which "add efficiency in the use of patient data, draw stronger conclusions with the same number of exposed patients and reduce development time."\[[@ref33]\] Seamless Phase II/III trials are carried out in two parts. The first part is effectively a Phase IIb exploratory dose--response study, in which experimental treatments (or doses) are compared to a control treatment. The aim is to determine the most promising treatment (dose) or treatments (doses). Treatments (doses) which show sufficient promise are retained for the second part -- effectively a Phase III, confirmatory trial -- together with the control treatment. At the conclusion of the trial, data from both parts are combined in the final analysis to assess the efficacy of the selected treatment(s). Flexible methodology is available to preserve the validity of such a trial by strong control of the family-wise type-I error rate.\[[@ref34]\]

Seamless Phase II/III clinical trials are more efficient than separate Phase II and Phase III programs in that fewer patients are required to achieve a given program-level power. The benefit arises from the inclusion of the first stage data on the selected treatment, suitably adjusted for multiplicity, in the final analysis at the end of the trial. To illustrate this latter point, [Figure 3](#F3){ref-type="fig"} shows a comparison between the total sample sizes in an inferentially seamless Phase II/III study in which the Phase II part began with four doses and at the end of Phase II, a single dose was selected for the Phase III part and what is often termed an operationally seamless Phase II/III study in which the Phase III part is independently sample sized. These results arose in designing a Phase II/III seamless program for an orphan disease with binary end-point simulations which were run on 20 different dose response scenarios. [Figure 3](#F3){ref-type="fig"} shows a consistent increase if the study is run in an operationally seamless fashion of approximately 1/3. For an orphan disease, these savings in sample size by running the trial inferentially seamlessly are extremely important.

![Comparison of total sample sizes of inferentially and operationally seamless Phase II/III design.](PC-3-217-g004){#F3}

Of course we need to be aware of caveats to the use of seamless Phase II/III designs. First, since all adaptations are prespecified, occasional "learnings" in Phase II could not lead to adjustments for the Phase III design, which could lead to potential Phase III failure. This risk would always need to be weighed against the perceived benefits. Second, the primary end-point for confirmation is prespecified and will be measured on all patients. Third, there is positive data from Proof-of-concept (POC) studies with the remaining uncertainty primarily concerning the dose. Fourth, the marketing formulation of the test drug is available. Finally, the patient population is defined and will stay the same in both phases of the study.

POPULATION ENRICHMENT AND SUBGROUP ANALYSIS {#sec1-4}
===========================================

A biomarker has been described as "... a characteristic that is objectively measured and evaluated as an indicator of normal biological processes, pathogenic processes, or pharmacologic responses to a therapeutic intervention."\[[@ref35]\] Biomarkers can play many different roles in drug development, including a predictor of response or resistance to specific therapies, being a correlative end-point and used in longitudinal models referred (*see* "Recent developments in group sequential designs"), being a surrogate end point in modeling and simulation (*see* "Modeling and simulation for dose and dose regimen selection"), or being used as a means for patient-enrichment designs.

Factors used to limit the study population to patients believed more likely to benefit from the experimental therapy are termed enrichment factors.\[[@ref36][@ref37]\] Such factors may be predictive biomarkers, or they may be biomarkers, clinical-pathologic, demographic characteristics associated with a predictive biomarker or with the target of a therapeutic agent. The smaller the proportion of truly benefiting patients in the population, the more advantageous it is to consider studying an enriched population.

Biomarkers that could be useful as enrichment factors during the drug development process might still need further refinement before they are ready for clinical use as predictive factors. This is because many enrichment biomarkers used in drug development either do not have sufficiently high positive or negative predictive value to justify clinical use or the assay used to measure the biomarker during the drug development process might not be sufficiently robust and reproducible for routine clinical use. The main purpose of using an enrichment biomarker in drug development is to improve the chances that the drug will show benefit in the tested subgroup of patients to more quickly establish that the drug is worth pursuing further. If information is available to suggest subgroups of patients who are more likely to benefit from a therapy, it may be reasonable to conduct a confirmatory trial only in those patients.

These kinds of observations are growing in medicine, where increasing use of molecular signatures reveals that the traditional tools used for diagnosis are lumping diverse phenotypes together. A recent report calls for precision medicine by which is meant the use of genomic, epigenomic, exposure and other data to define individual patterns of disease and phenotypes with more granularity, potentially leading to better individual treatment.\[[@ref38]\] Precision medicine couples established clinical-pathologic indexes with state-of-the-art molecular profiling to create diagnostic, prognostic and therapeutic strategies tailored for specific groups of patients.

The aspect of "one size fits all" surrounding the conventional design of clinical trials has been challenged, particularly when the diseases are heterogeneous due to observable clinical characteristics and/or unobservable underlying genomic and epigenomic characteristics and/or the experimental therapy is tailored to specific mechanism of action. An extension from the traditional single population design objective to one in which several possible patient subpopulations are studied will allow more informative evaluation in the patients having different degrees of responsiveness to the therapy. Building into traditional clinical trials a prospectively planned selection of subpopulations with higher response to the therapy is appealing from the patient\'s perspective as it addresses personalized medicine in adequate and well-controlled clinical trials. These new adaptive designs, called adaptive patient-enrichment or population-enrichment designs, allow modification to study hypothesis, the reallocation of patients and re-estimation of the sample size midstream to achieve the pre-planned objective.

It has been shown recently that such adaptive enrichment designs can be constructed to study a clinical hypothesis of treatment effect in the full population as well as several hypotheses of treatment effect in prespecified subsets more efficiently than the conventional nonadaptive approach.\[[@ref39]--[@ref41]\] The statistical methodology is very similar to the statistical methodology of seamless Phase II/III designs referred to above.

While in a seamless Phase II/III design the adaptation relates to the selection of treatment arms, in the enrichment design the primary selection concerns the population. Such a study progresses seamlessly either in the subpopulation(s) of patients or in the whole population on the basis of data obtained in the first stage. At the end of the trial, the data from both stages are combined in the final analysis to assess the efficacy of the selected subpopulation(s), preserving its validity by strong control of the family-wise type-I error rate. As in the seamless Phase II/III design, enrichment designs may be more efficient than separate Phase II and Phase III programs in that fewer patients are required to achieve a given program-level power. Again, the benefit arises from the inclusion of the final stage data on the selected subpopulations, suitably adjusted for multiplicity, in the final analysis at the end of the trial.

An example of a complex population-enrichment design is the ongoing I-SPY 2 TRIAL (Investigation of Serial Studies to Predict Your Therapeutic Response with Imaging And moLecular Analysis) trial involving a randomized Phase II stage in which a number of experimental agents are tested in combination with standard neoadjuvant chemotherapy for patients with high-risk primary breast cancer.\[[@ref42]\] The primary end-point is pathologic complete response (pCR) at the time of surgery, with the objective being to identify biomarker signatures that predict pCR for drugs or combinations of drugs. The study is to be used to evaluate many drugs and drug/biomarker combinations, with successful combinations being "graduated" to a Phase III study and failures being dropped for futility.

One particular aspect of the I-SPY 2 TRIAL trial is the co-operative nature of the study in that multiple sponsors provided the experimental agents that are being used. The advantage to individual sponsors is to spread the costs by the use of a single control group. But the absence of a definitive noninvasive biomarker would hamper this approach in PAH.

Whether these types of designs will be used in PAH remains to be seen. Given the orphan nature of the disease and the difficulty of recruitment, it may be optimistic to expect that sufficient patients will be available to conduct such subgroup searches. Certainly we may need to restrict the number of subgroups considered.

DISCUSSION {#sec1-5}
==========

The traditional clinical trial has been with us for over 60 years and has served us well. Nevertheless, there are reasons for believing that there is a need to consider other ways of developing new drugs.

The last 10 to 15 years have seen considerable interest in adaptive clinical trial designs in the hope that they can contribute to improving the success rate particularly in Phase III clinical trial programs. But if adaptive clinical trials are to be more widely used, there are a number of issues that need to be kept in mind.

First, an adaptive design cannot make a noneffective drug effective. The purpose of adaptive designs is to increase the likelihood of detecting an effective drug efficiently.

Second, the use of adaptive designs is not an excuse for poor planning. If anything, the planning of adaptive designs takes more time and effort than nonadaptive designs. But this additional time is worth it since, even if in the planning phase it is decided not to run a trial adaptively, the extra planning time will ultimately make the clinical trial run better than it would have without the extra thought.

Third, adaptive designs are not a charter for protocol amendments. Adaptive designs are adaptive by design. That is, they are planned to be adaptive from the outset and thought is given to those aspects of the trial design which have potentials for adaptation.

Fourth, while clinical trial methodologists have, with considerable ingenuity, broadened the scope for adaptive designs, the judicious use of a few adaptations is preferable to trying to include as many adaptations as is feasible. This is not only on practical grounds, but also a regulatory imperative, particularly in the confirmatory phase of drug development. The argument made by regulators is that in a confirmatory trial if there are a large number of adaptations, in what sense can it be regarded as confirmatory.

Finally, the implementation of adaptive clinical trials can be more complicated than traditional trials and getting the implementation right is crucial to the success of an adaptive design.

Alternative trial designs have also been discussed, in particular the enrichment and subgroup analyses. If the particular subpopulation at risk or likely to respond to treatment could be identified, or if a promising set of biomarkers were to show sufficient predictability, it might lead to a more experimental, assumption-rich clinical trial setting in which the focus would be on the exploratory rather than the confirmatory nature of the development program.

Using model-based approaches which provide a methodology to integrate the various sources of preclinical and clinical information in a quantitative way, a framework can be established to capture the assumption-rich situation prevalent in rare diseases or special populations. The development of such a knowledge base allows for the building of predictive models for future trial outcomes or priors for Bayesian models, but might also allow for the substitution of evidence generation if the inferences from a model-based approach are perceived strong enough.

Recently some regulatory agencies have started discussions to develop guidance which could allow a consistent and transparent extrapolation of safety and efficacy measures in circumstances when sufficient evidence is difficult to gather, as for example in pulmonary hypertension and inferences from a modeling approach could potentially substitute for real data under those special circumstances.\[[@ref43]\]

CONCLUSIONS {#sec1-6}
===========

There are considerable challenges to running randomized controlled trials (RCTs) in PAH and we have sought to set out and discuss, the designs that are available. While further methodological work needs to be carried out to define those designs which are particularly suited for PAH, a more adventurous approach needs to be taken by industry, regulators and academic researchers alike to improve the conduct and interpretability of trials.

As an orphan indication PAH has particular difficulties, not least of which is that recruitment into trials is usually slow and therefore trials span a long period of time if markers for disease progression are being studied. These are exactly the circumstances in which adaptive designs can be considered.

The judicious choice of innovative designs, despite the obstacles, should be considered in order to raise the likelihood of new treatments reaching patients.
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